Poly(ADP-ribose) polymerase 1 (PARP-1) activity is detected in both neuronal and nonneuronal cells in the CNS, and excessive PARP-1 activity is known to be detrimental to tissue because of the cellular energy loss. Accordingly, PARP-1-deficient (PARP-1 ؊/؊ ) mice have been shown to be resistant to cerebral ischemia and several forms of inflammation. Recently, PARP-1 in glial cells has been shown to mediate the expression of proinflammatory genes in response to inflammatory stimuli by, in part, enhancing cognate DNA-binding capacities of transcription factors such as NF-B and activator protein 1. Here, we demonstrate an additional mechanism whereby a significant reduction of proinflammatory gene expression such as IL-1␤, tumor necrosis factor ␣, and inducible nitricoxide synthase in PARP-1 ؊/؊ glial cells is linked to defective inflammatory stimuli-induced p38 MAPK -mediated phosphorylation of ATF-2 and cAMP-response element-binding protein and phosphorylation of NF-B p65. Importantly, an inflammatory stimuliinduced p38 MAPK activation is impaired in PARP-1 ؊/؊ glial cells in a signaling pathway-and cell͞tissue type-specific manner. These findings indicate that PARP-1 is an essential host factor among factors that actively mediate excessive production of proinflammatory molecules in glial cells, which may in turn contribute to the initiation of neuronal injuries.
Poly(ADP-ribose) polymerase 1 (PARP-1) activity is detected in both neuronal and nonneuronal cells in the CNS, and excessive PARP-1 activity is known to be detrimental to tissue because of the cellular energy loss. Accordingly, PARP-1-deficient (PARP-1 ؊/؊ ) mice have been shown to be resistant to cerebral ischemia and several forms of inflammation. Recently, PARP-1 in glial cells has been shown to mediate the expression of proinflammatory genes in response to inflammatory stimuli by, in part, enhancing cognate DNA-binding capacities of transcription factors such as NF-B and activator protein 1. Here, we demonstrate an additional mechanism whereby a significant reduction of proinflammatory gene expression such as IL-1␤, tumor necrosis factor ␣, and inducible nitricoxide synthase in PARP-1 ؊/؊ glial cells is linked to defective inflammatory stimuli-induced p38 MAPK -mediated phosphorylation of ATF-2 and cAMP-response element-binding protein and phosphorylation of NF-B p65. Importantly, an inflammatory stimuliinduced p38 MAPK activation is impaired in PARP-1 ؊/؊ glial cells in a signaling pathway-and cell͞tissue type-specific manner. These findings indicate that PARP-1 is an essential host factor among factors that actively mediate excessive production of proinflammatory molecules in glial cells, which may in turn contribute to the initiation of neuronal injuries. P oly(ADP-ribose) polymerase 1 (PARP-1, EC 2.4.2.30) is a multifunctional nuclear enzyme (1) . DNA strand breaks activate PARP-1, which adds branched chains of up to 200 ADP-ribose units covalently to various nuclear proteins such as histone proteins and especially PARP-1 itself. PARP-1 is involved in chromatin remodeling, DNA repair, replication, transcription, and the maintenance of genomic stability by, in part, poly(ADP-ribosyl)ation (1) . With moderate amounts of DNA damage, PARP-1 is thought to participate in the DNA repair process (2, 3) . However, with excessive activation of abundant PARP-1, its substrate NAD ϩ is depleted, and in efforts to resynthesize NAD ϩ , ATP is also depleted such that cells may die from energy loss (4) (5) (6) (7) . A role for excessive PARP-1 activation in cell death is indicated by the protection against cell death observed after treatment with PARP inhibitors (5, 8) and the pronounced protection against neuronal ischemia (9, 10), myocardial ischemia (11) , acute lung inflammation (12) , acute septic peritonitis (13) , zymogen-induced multiple organ failure (14) , and diabetic pancreatic damage (8, 15, 16) 
Glial cells are nonneuronal cells, and they have been considered to be merely supportive elements in the CNS. However, activated glial cells, mainly composed of microglia and astrocytes, can mediate neuronal inflammation and toxicity by releasing substances such as excitotoxins, reactive oxygen͞nitrogen species, cytokines, and chemokines in response to inflammation, infection, and injury (17, 18) . Activation of microglia and the expression of inflammatory mediators are rapidly induced by means of phosphorylation of p38 MAPK (19) . The p38 MAPK signaltransduction pathway seems to mediate microglial activation and neuronal injury, occurring in most chronic neurodegenerative diseases such as Alzheimer's disease, multiple sclerosis, and HIV-associated dementia (17, 19, 20) . Microglia from amyloid precursor protein transgenic mice also show p38 MAPK activation (21) . In addition, activation of p38 MAPK is detected in acute brain injuries such as stroke and brain trauma (22) . Permanent occlusion of the middle cerebral artery and gerbil transient forebrain ischemia are shown to induce p38 MAPK activation in microglia cells located in periinfarct areas and adjacent to dying CA1 neurons, respectfully (23) . Chemokine and cytokine promote p38 MAPK activity, which in turn phosphorylates and activates transcription factors such as ATF-2 and MEF-2C (24, 25) .
Stimuli-induced phosphorylation of transcription factors is essential for their transcriptional competence. Activated p38 MAPK rapidly translocates from the cytoplasm to the nucleus and phosphorylates its substrates such as transcription factors, i.e., cAMP-response element-binding protein (CREB), myocyte enhancer factor 2C, and activating transcription factor 2 (ATF-2), or other kinases, such as mitogen-and stress-activated protein kinase (17, (24) (25) (26) . In addition, activation of NF-B involves posttranslational modification of NF-B͞Rel proteins, particularly p65. Several studies have shown that IL-1␤ and tumor necrosis factor ␣ (TNF-␣) induce phosphorylation and activation of the p65 NF-B subunit by pathways that are distinct from those that lead to IB degradation and NF-B nuclear translocation (27, 28) . Together, a signal-induced phosphorylation of transcription factors such as ATF-2, CREB, and NF-B p65 is essential for their transcriptional competence, which in turn provides an additional mechanism for the tightly controlled gene expression in response to diverse signals.
In our previous reports, PARP-1 Ϫ/Ϫ glial cells showed significantly reduced proinflammatory genes, including IL-1␤, IL-6, TNF-␣, and inducible NO synthase (iNOS) with lack of cognate DNA-binding capacities of transcription factors, such as NF-B and activator protein 1, in response to lipopolysaccharide (LPS) (29) . The expression of proinflammatory genes requires coordinated activation of numerous transcription factors. Therefore, the present study investigates whether reduced activation of transcription factors leads to the lack of proinflammatory gene expression in PARP-1 Ϫ/Ϫ glial cells in response to inflammatory stimuli. The present results show that the stimuli-induced phosphorylation of NF-B p65, ATF-2, and CREB is absent in PARP-1 Ϫ/Ϫ glial cells, which in turn result in a significant reduction of proinflammatory gene expression in PARP-1 Ϫ/Ϫ glial cells. Importantly, we found a defective nuclear signaling of p38 MAPK in PARP-1 Ϫ/Ϫ glial cells in response to inflammatory stimuli.
Materials and Methods
Reagents and Materials. Reagents and materials were as described (29) . Primary cultures of glial cells were generated from 1-to 3-dayold mouse neopallium from wild type (PARP-1 ϩ/ϩ , C57BL͞ 6 ϫ 129͞Sv) and PARP-1 Ϫ/Ϫ (C57BL͞6 ϫ 129͞Sv), as described in ref. 29 and elsewhere (31) . The resulting culture was determined by staining with glial fibrillary acidic protein for astrocytes and with isolectin B4 from Griffonia simplicifolia for microglia.
PARP Activity Assay, ELISA, and Electrophoretic Mobility-Shift Assay.
These assays were performed as described (29 PO 4 were added 1 h before harvest. Nuclear extracts were prepared by the methods described in electrophoretic mobility-shift assay, and subsequent nuclear extracts in cold radioimmunoprecipitation assay buffer were subjected to immunoprecipitation with antibodies to NF-B p65 (Santa Cruz Biotechnology). The precipitated proteins were separated on 4-12% SDS͞PAGE gel, transferred to nitrocellulose membranes (NEN), and visualized by autoradiography. (Fig. 1A) . PARP-1 activity, measured as poly(ADPribosyl)ated PARP-1, was detected only in wild-type glial cells. As expected with the abolished expression of PARP-1 protein, PARP-1 Ϫ/Ϫ glial cells showed no PARP-1 activity (Fig. 1B) . Immunocytochemical characterization of the glial cell cultures in this study consistently revealed 70-80% astrocytes, and the rest was mainly microglia, as determined by using specific markers glial fibrillary acidic protein and G. simplicifolia isolectin-B4, respectively. The number of glial fibrillary acidic protein-stained astrocytes and G. simplicifolia isolectin-B4-stained microglia was similar in PARP-1 Ϫ/Ϫ and wild-type glial culture.
In studies (29), we have shown that LPS-stimulated TNF-␣ release is attenuated significantly in PARP-1 Ϫ/Ϫ glial cells as compared with wild-type cells at 3 and 6 h after the treatment. To determine whether the attenuation of TNF-␣ release in PARP-1 Ϫ/Ϫ glial cells was not simply a delay process, glial cells from both wild-type and PARP-1 Ϫ/Ϫ mice were treated with LPS (Escherichia coli serotype, 055-B5) for 24 h. Treatment of wild-type glial cells markedly induced TNF-␣ release (Fig. 1C) , whereas LPS-stimulated TNF-␣ release was reduced Ͼ50% in PARP-1 Ϫ/Ϫ glial cells. Therefore, LPS-stimulated TNF-␣ release was reduced significantly, and not merely delayed, in PARP-1 Ϫ/Ϫ glial cells.
Proinflammatory Genes Regulated by p38 MAPK in Glial Cells. We have also demonstrated (29) that a p38 MAPK inhibitor, SB203580, reduces LPS-induced iNOS expression dramatically in RAW264.7 macrophages. Accordingly, we further tested the role of p38 MAPK on the proinflammatory gene expression in glial cells. Treatment of glial cells with LPS markedly induced the expression of iNOS, whereas the induction of iNOS expression was almost absent in PARP-1 Ϫ/Ϫ glial cells (Fig. 1D) . Moreover, pretreatment of wild-type glial cultures with SB203580 reduced LPS-induced iNOS expression efficiently, suggesting that the p38 MAPK pathway also mediates LPS-induced iNOS expression in glial cells (Fig. 1E) . We also examined LPS-induced TNF-␣ release and pro-IL-1␤ (32 kDa) expression. Pretreatment of wild-type glial cultures with SB203580 reduced dramatically LPS-induced TNF-␣ release and pro-IL-1␤ expression, whereas LPS-induced TNF-␣ release and pro-IL-1␤ expression was reduced further to an almost undetectable level in PARP-1 Ϫ/Ϫ glial cells (Fig. 1 F and G) .
Lack of Stimuli-Induced ATF-2, CREB, and NF-B p65 Phosphorylation in PARP-1 ؊/؊ Glial Cells. Transcriptional regulation of iNOS, IL-1␤, and TNF-␣ is complex and requires coordinated activation of a number of transcription factors including NF-B, activator protein 1, C͞EBP, Oct-1, CREB, and ATF-2 (32-34). The transcriptional activity of ATF-2 is controlled by phosphorylation. Cellular stress, such as inflammatory cytokines, activates ATF-2 by phosphorylation and stimulates the transcriptional activity of ATF-2 (35, 36) . Mutation of this phosphorylation site results in the loss of stress-induced transcription by ATF-2 (35, 36) . In glial cells, the phosphorylation-induced activation of ATF-2 is shown to enhance iNOS promoter activity, whereas a phosphorylation-defective form of ATF-2 is shown to have a suppressive effect on the iNOS promoter activity (26) . To further investigate whether the impaired proinflammatory gene expression in PARP-1 Ϫ/Ϫ glial cells is linked to a defective activation of ATF-2, we have assessed the phosphorylation of ATF-2 (Thr-71) in LPS-treated glial cells. Both wild-type and PARP-1 Ϫ/Ϫ glial cells showed the basal phosphorylation of ATF-2 ( Fig.  2A) . However, treatment of wild-type glial cells with LPS rapidly induced the phosphorylation of ATF-2 at 15, 30, and 45 min, whereas the phosphorylation of ATF-2 was not induced from the basal phosphorylation of ATF-2 in PARP-1 Ϫ/Ϫ glial cells (Fig.  2 A) . Given that both LPS and TNF-␣ activate ATF-2 through Toll-like receptor 4 in microglia and TNFR1 in astrocytes and microglia, we further tested whether the lack of ATF-2 activation in PARP-1 Ϫ/Ϫ glial cells was a stimulus-and receptor-specific manner. Reminiscent of LPS, treatment of wild-type glial cells with TNF-␣ rapidly induced the phosphorylation of ATF-2, whereas the phosphorylation of ATF-2 was not induced in PARP-1 Ϫ/Ϫ glial cells (Fig. 2 A) .
Cellular stress also activates a CREB to mediate the gene expression including iNOS and IL-1␤ (26, 33, 37) . Activated p38 MAPK is shown to phosphorylate a transcription factor CREB through mitogen-and stress-activated protein kinase (38) . Treatment of wild-type glial cells with LPS markedly augmented phosphorylation of CREB in a time-dependent manner within 15 min, whereas PARP-1 Ϫ/Ϫ glial cells had no augmented phosphorylation of CREB and was only slightly detectable at 45 min, as measured by phosphospecific antibodies to CREB (Ser-133) (Fig. 2 A) . Treatment of TNF-␣ also failed to induce the phosphorylation of CREB as similar to LPS treatment in PARP-1 Ϫ/Ϫ glial cells (data not shown). In addition, pretreatment of wild-type glial cultures with SB203580 reduced dramatically LPS-induced phosphorylation of CREB (Fig. 2B) , thus further supporting that it is activated p38 MAPK that leads to CREB phosphorylation. In contrast, pretreatment of wild-type glial cells with 3,4-dihydro-5-[4-(1-piperidinyl)butoxy]-1-(2H)-isoquinolinone (DPQ), a pharmacological PARP inhibitor (Fig.  2B) , did not affect LPS-induced phosphorylation of CREB, indicating that the absence of augmented phosphorylation of CREB in response to LPS is not linked to the enzymatic activity of PARP-1.
A signal-induced phosphorylation of NF-B is crucial for transcriptional competence, which in turn provides an additional mechanism to tightly regulate the NF-B-dependent gene expression in response to diverse signals (27, 28, 39, 40) . Glial cells labeled with [ 32 P]orthophosphate were stimulated with LPS for 30 min, and the phosphorylation of p65 in the nucleus was analyzed by immunoprecipitation with antibodies to p65. The results demonstrated that p65 was phosphorylated under noninduced conditions, and treatment of wild-type glial cells with LPS induced further phosphorylation of p65, whereas the phosphorylation of p65 was not induced in PARP-1 Ϫ/Ϫ glial cells (Fig. 2C) .
A Pathway-Specific Reduction of p38 MAPK Activation in PARP-1 ؊/؊
Glial Cells. LPS, TNF-␣, or IL-1␤ activates p38 MAPK in glial cells. Activated p38 MAPK mediates a nuclear signaling through induced phosphorylation of CREB and ATF-2, resulting in an alteration of the proinflammatory gene expression. To further investigate whether defective nuclear signaling pathways were responsible for the lack of activation of CREB and ATF-2 in PARP-1 Ϫ/Ϫ glial cells in response to inflammatory stimuli, we examined p38 MAPK activation. Treatment of wild-type glial cells with LPS markedly activated p38 MAPK , measured by phosphospecific antibodies to p38 MAPK (Thr-180͞Tyr-182), in a time-dependent manner. In contrast, p38 MAPK was only slightly activated in PARP-1 Ϫ/Ϫ glial cells, demonstrating that a defective p38 MAPK nuclear signaling pathway is responsible for the lack of stimuli-induced CREB and ATF-2 activation and expression of certain inflammatory genes in response to inflammatory stimuli (Fig. 3A) . To further test whether the lack of p38 MAPK activation in PARP-1 Ϫ/Ϫ glial cells depends on specific inflammatory stimuli, we examined the effects of TNF-␣ and IL-1␤ on p38 MAPK activation in glial cells. Reminiscent of LPS, we found that both TNF-␣-and IL-1␤-induced p38 MAPK activation was defective also in PARP-1 Ϫ/Ϫ glial cells compared with wild-type glial cells (Fig. 3A) . Previously, we found that DPQ, a specific PARP inhibitor, reduced LPS-induced iNOS expression in RAW264.7 macrophages. Accordingly, we examined whether this PARP activity might also influence the activation of p38 MAPK . Pretreatment of wild-type glial cells with DPQ did not affect LPS-induced phosphorylation of p38 MAPK (Fig. 3B) , indicating that the reduced phosphorylation of p38 MAPK in PARP-1 Ϫ/Ϫ glial cells is not linked to the enzymatic activity of PARP-1.
Given that a p42͞44 MAPK nuclear signaling mediates cell growth and differentiation but also mediates inflammatory responses to stress stimuli in glia, we assessed the activation of p42͞44 MAPK by phosphospecific antibodies to p44͞42 Glial Cells. Consistent with our previous data (29) , treatment of wild-type peritoneal macrophages with LPS markedly augmented the binding activity of NF-B to its cognate DNA sequences, whereas the cognate DNA binding activity of NF-B was not induced in PARP-1 Ϫ/Ϫ peritoneal macrophages (Fig.  4A) . Reminiscent to NF-B cognate DNA binding activity, treatment of wild-type peritoneal macrophages with LPS induced the iNOS expression, whereas the iNOS expression was not induced in PARP-1 Ϫ/Ϫ peritoneal macrophages (Fig. 4B) . Given that the expression of LPS-induced iNOS expression is dramatically abrogated in both primary glial cells and peritoneal macrophages from PARP-1 Ϫ/Ϫ mice, we wondered whether inflammatory stimuli-induced intracellular signaling activities are also linked to lack of iNOS expression in peritoneal macrophages from PARP-1 Ϫ/Ϫ mice. Accordingly, we examined LPSinduced p38 MAPK activation between wild-type and PARP-1 Ϫ/Ϫ macrophages. Thus, the lack of a p38 MAPK nuclear signaling in PARP-1 Ϫ/Ϫ glial cells in response to inflammatory stimuli seems to be cell͞tissue type-specific.
Discussion
In response to inflammation, infection, and injury, activated microglia and astrocytes can mediate neuronal inflammation and toxicity by releasing soluble factors. Rapid p38 MAPK activation occurs in activated microglia and mediates the expression of inflammatory mediators, which may precipitate neurotoxicity. Our previous findings (29) that a significant reduction of proinflammatory cytokines and iNOS expression in PARP-1 Ϫ/Ϫ glial cells in response to LPS are now shown to be a result of lacking not only cognate DNA-binding capacities of transcription factors but also lacking p38 MAPK -mediated ATF-2 and CREB phosphorylation and NF-B p65 phosphorylation.
LPS is a potent molecule for the activation of microglia in the CNS and peripheral immune cells (41) . Receptors for LPS, TNF-␣, and IL-1␤ are expressed in the brain and share downstream signaling pathways, including NF-B and mitogenactivated protein kinase (42, 43) . In glial culture, LPS initially triggers a robust inflammatory signaling cascade through a Toll-like receptor 4 expressed in microglia (44, 45) and induces the synthesis of proinflammatory cytokines, such as IL-1␤ and TNF-␣, which in turn act as autocrine and paracrine factors to up-regulate more IL-1␤ and TNF-␣ and other inflammatory cytokine production (46) . Our present studies clearly indicate that treatment of wild-type glial cells with LPS, TNF-␣, or IL-1␤ induced activation of p38 MA PK . Consequently, activated p38 MAPK leads to phosphorylation of ATF-2 and CREB, which mediated TNF-␣ release and IL-1␤ and iNOS expression because a specific pharmacological inhibitor of p38 MAPK Recently, Drosophila PARP with its activity has shown to be localized in the area of highly transcribed region, suggesting that PARP may regulate gene-specific transcription (51) . In addition, PARP is shown to mediate stress-induced Drosophila heat shock protein (hsp70) (51) . In our present studies, we provided an additional mechanism that severely impaired NF-B-dependent gene expression in PARP-1 Ϫ/Ϫ glial cells was, in part, a result of lacking induced phosphorylation of NF-B p65, thus abrogating transcription competence of NF-B p65. It is currently unknown which kinase phosphorylates NF-B p65 in glial cells treated with LPS. Recently, p38 MAPK -activated mitogen-and stressactivated protein kinase was shown to phosphorylate NF-B p65 (52) , CREB (53) , and histone H3 (54) , suggesting that p38 MAPKactivated mitogen-and stress-activated protein kinase may phosphorylate NF-B p65 in glial cells in response to LPS.
Previously, we and others showed that pharmacological inhibitors of PARP enzymatic activity, DPQ or PJ34, fail to reduce cognate DNA binding activity of NF-B (29, 55) ; in addition, DPQ also fails to reduce expression of pro-IL-1␤ (29) , which argues against a direct role for the PARP enzymatic activity on these transcription events. Conversely, DPQ reduces the expression of iNOS (29) , and another PARP inhibitor, 6(5H)-phenanthridionone, is most recently shown to reduce cognate DNA binding activity of NF-B and iNOS, TNF-␣, and IL-1␤ expression͞release in glial culture and organotypic hippocampal slices in response to LPS͞IFN-␥ or ␤-amyloid protein (56) , implicating that PARP enzymatic activity may have a direct role in some, at least, proinflammatory gene expression. These variable effects of PARP enzymatic inhibitors on inflammatory gene expression may reflect the difference in efficacy of PARP inhibitors and͞or PARP-1 enzymatic activity-independent mechanism(s) of the transcription regulation.
Our finding demonstrates that PARP-1 is an important contributory host factor among a number of factors to mediate proinf lammatory cytokines and iNOS expression in the CNS. Therefore, PARP-1 can directly precipitate neuropathogenesis by mediating soluble factors released from glial cells and by activating its enzymatic activity, consequently depleting cellular ATP level in neuronal cells in various neurodegenerative diseases. Accordingly, understanding the precise molecular mechanism of PARP-1 on regulating inf lammatory gene transcription in glial cells will facilitate the design of therapeutic intervention of inf lammatory-related neurodegenerative disease.
